The first two examples of the class of tetracoordinate low-valent, mixed-ligand tin azido complexes, Sn(N 3 ) 2 (L) 2 , are shown to form upon reaction of SnCl 2 with NaN 3 and SnF 2 with Me 3 SiN 3 in either pyridine or 4-picoline (2, L = py; 3, L = pic). These adducts of Sn(N 3 ) 2 are shock-and friction insensitive and stable at r.t. under an atmosphere of pyridine or picoline, respectively. A new, fast and efficient methods for the preparation of Sn(N 3 ) 2 (1) directly from SnF 2 , and by the step-wise de-coordination of py from 2 at r.t., is reported that yields 1 in microcrystalline form, permitting powder diffraction studies. Reaction of 1 with a non-bulky cationic H-bond donor forms the salt-like compound {C(NH 2 ) 3 }Sn(N 3 ) 3 (4) which is comparably stable despite its high nitrogen content (55%) and the absence of bulky weakly coordinating cations that are conventionally deemed essential in related systems of homoleptic azido metallates. The spectroscopic and crystallographic characterisation of the polyazides 1-4 provides insight into azide-based H-bonded networks and unravels the previously unknown structure of 1 as an important lighter binary azide homologue of Pb(N 3 ) 2 . The atomic coordinates for 1 and 2-4 were derived from powder and single crystal XRD data, respectively; those for 1 are consistent with predictions made by DFT-D calculations under periodic boundary conditions.
Introduction
Binary azides, E(N 3 ) n , exist of all s-block, most p-block and a number of d-block elements, many of which have well-established synthetic procedures. [1] [2] [3] [4] Exceptions to this notion exist in particular among the binary azides of lighter, more electronegative elements, such as those in Group 14 (E = Si -Sn, n = 2 or 4). These nitrogen-rich azides are predicted to possess primarily covalent E-N bonds between azido groups and the coordination centres, as a result of which the gap between ground state and the transition state toward dinitrogen elimination is comparably small and the compound stability low. The combination of high endothermicity and sensitivity toward external stimuli renders the characterisation of such azides challenging. Accordingly, only few solid state structures of these simple azides are unknown. In the p-block, these include Pb(N 3 ) 2 (and polymorphs), 5, 6 TlN 3 , 7 As(N 3 ) 3 and Sb(N 3 ) 3 . [8] [9] [10] However, the kinetic stability of inorganic azides can be increased dramatically by the coordination of ancillary ligands. [11] [12] [13] [14] The binary Lewis-acidic azides Si(N 3 ) 4 , Ge(N 3 ) 4 , Ge(N 3 ) 2 and Sn(N 3 ) 4 , for instance, have been shown to form well-defined charge-neutral adducts with Lewis bases, of the types (N 3 ) 4 E(L 2 ) (E = Si, Ge, Sn, L 2 = bpy, phen) [15] [16] [17] and E(N 3 ) 2 L (E = Ge, L = N-heterocyclic carbene), respectively. 18 The class of Sn(II) azides, in particular, includes monoazides Sn(N 3 )(ATI), 19 and a 1 : 1 adduct with Ag(Tp CF3 ), 20 SnN 3 (mes 2 DAP), 21 SnN 3 − 25 (see Table 1 and abbreviations in the caption). Coordinatively unsaturated and sterically less protected Sn(II) azido complexes on the other hand tend to dimerise (Sn(N 3 )N=IPr, 26 Sn(N 3 )(OCH 2 CH 2 NMe 2 27 ). No diazide tin(II) complexes have been reported. The first synthetic method for the preparation of tin diazide (1) 28 was described only recently in a report on binary metal azides that involves the oxidation of Sn metal by AgN 3 in water-free liquid ammonia at low-temperature. However, the structure of 1 remained undetermined.
Compound 1 was reported to be sensitive and explosive and resembles in these properties its homologue, lead(II) azide, 29 a well-established initiatory explosive that is known for its low water solubility and comparably high stability toward hydrolysis and heat. 30 The relationship between stability and molecular and crystal structure of azides is determined not only by the nature of the coordination centres and counter ions but also by their interaction. In systems with similarly high reactive nitrogen content, it is usually those compounds in which the N 3 groups are involved in the least covalent interactions that possess the greater activation barrier to N 2 elimination. The influence of intermolecular interaction and vibrational energy distribution on stability is less well understood;
this includes hydrogen bonding. Recently, it was shown that in a salt-like compound containing triazidostannate, Sn(N 3 ) 3 − , relatively large, weakly coordinating PPh 4 + cations 25 produce an effect similar to that induced by bulky ligands, in keeping the nitrogen content low (21.6 %) and separating the N 3 anions, thus retarding shockwave propagation and reducing sensitivity (for other PPh 4containing homoleptic polyazidometallate, see ref.s 10, [31] [32] [33] [34] [35] ). The combination of Sn(N 3 ) 3 with suitable nitrogen-rich cations may confer a similar phlegmatising effect by virtue of hydrogen bonding without diluting nitrogen content. 4 Here we describe the synthesis of the first two examples of the class of tetracoordinate Sn(N 3 ) 2 (L) 2 complexes and their utility for the preparation of a hydrogen-bonded guanidinium triazidostannate, {C(NH 2 ) 3 }Sn(N 3 ) 3 , and of tin diazide, Sn(N 3 ) 2 . We report a new, fast and efficient method for the preparation of Sn(N 3 ) 2 
Results and Discussion
Syntheses p-Block azides have often been synthesised by fluorine / azide exchange reactions using azido(trimethyl)silane as the azide group transfer reagent. [36] [37] [38] This method benefits from mild reaction conditions arising from the strong enthalpic preference for Si-F over Sn-F bonds, and from the facile removal of the gaseous TMS-F by-product. The preparation of the tetravalent tin complex Sn(N 3 ) 4 (py) 2 from SnF 4 (py = pyridine, pic = 4-picoline) 17 (1) is eventually formed if 2 is exposed to a dynamic vacuum at r.t. The analogous 4-picoline complex 3, however, is stable under these conditions. Observations of the responses toward electrostatic discharge and friction show that 1 can be handled only with great care and its sensitivity exceeds that of Pb(N 3 ) 2 . 39 It is also air sensitive and discolours under an Ar atmosphere if exposed to sunlight. PXRD measurements allowed for a structure determination (vide infra) which revealed that it consists solely of tin(II) azide which had been synthesised previously by Schnick et al. for the first time. 28 Compound 1 reacts readily with Lewis bases such as guanidinium azide, (G)N 3 , to form guanidinium triazidostannate (4), (G)Sn(N 3 ) 3 . Compound 4 also forms directly in mixtures of SnF 2 , TMS-N 3 and (G)N 3 . Notably, the compound shows no sensitivity toward friction and impact despite containing a binary azide species and an overall nitrogen content of 55% w/w. Compound 4 is soluble in CH 3 CN and THF, but completely insoluble in CH 2 Cl 2 , whereas 1, 2 and 3 are sparingly soluble in these solvents and soluble in 4-picoline and pyridine. All tin(II) azides (1 -4) are air sensitive, particularly so in solution. In-situ IR spectra showed that the exposure of a solution of 4 to air over the course of an hour resulted in almost complete hydrolysis to hydrazoic acid (HN 3 ) and oxidation to (G) 2 Sn(N 3 ) 6 .
Crystal structures of compounds 1-4
Molecular structures of the solid azides were determined by X-ray single crystal diffraction (2-4) and powder diffraction methods (1) (see experimental section and pages S5-S11 for crystallographic details). (15) , N7-N8-N9 178.0(2), N1-Sn1-N4 83.00 (7) , N4-Sn1-N7 81.98 (7) , N1-Sn1-N7 88.77 (7) .
The crystals of compound 2 and 3 consist of tin complexes ( 25 Complexes with low-valent main group centres ( Table 1) often have a lone pair that affects their reactivity and coordination geometry. The unsupported Ag-Sn bond of the adduct HB{3,5-(CF 3 ) 2 pz} 3 Ag-Sn(N 3 )( n Pr 2 ATI) (vide supra), for instance, involves the lone pair on Sn rather than azido ligands bridging Ag with Sn centres. 41 A comparison with SF 4 , for instance, reveals that the influence of the lone pair on the trans ligands (B') in 2 and 3 is substantial.
In SF 4 Tables S1,S2 ). The H-bonding results in a three-dimensional network unlike the strongly Hbonded guanidinium salt (G)BF 4 , which adopts a G···FBF 3 sheet structure. 46 Intriguingly, the hydrogen bonding in 4 appears to induce high density. This notion is based on a comparison of the 25 which shows that in 4 the apparent spatial requirement of Sn(N 3 ) 3 − is about 5 Å 3 less than in the related (PPh 4 )Sn(N 3 ) 3 salt. Similar results are obtained by using independently determined volumes of the cations (p. S16, table S6 ).
The PXRD pattern of 1 ( Fig. 5 ) was indexed to a primitive monoclinic unit cell and an initial Le Bail refinement carried out. The reflections systematically absent support the space group P2 1 /a. This space group was used in the superflip program implemented in the JANA2006 suite which located most of the atomic positions. 47 As a control, the structure of Sn(N 3 ) 2 was calculated using density R wp = 6.751 R exp = 3.708 R p = 5.342 GOF = 1.820 The structure of compound 1 consists of the two crystallographically independent azido groups, N 3 1 (N1, N2, N3) and N 3 2 (N4, N5, N6), and of one type of independent Sn atoms. Each Sn is closely coordinated by four N 3 groups in a distorted disphenoidal geometry (Sn-N ax 2.42, 2.53 Å, N1-Sn-N6 144° and Sn-N eq 2.31, 2.33 Å, N1-Sn-N6 86°). Each N 3 group links two Sn centres via 1, 1 bridges (Sn-N1-Sn 110, Sn-N1-Sn 113°) and every Sn centre is linked to two adjacent Sn centres via two bridges each to form a folded, infinite zigzag coordination polymer chain that extends along the crystallographic c-axis ( Fig. 4 ). Only one of the two crystallographically independent azido groups highly symmetrical three-dimensional arrangement in 1 (Fig. S5a ). It is interesting to note that the unit cell volume per formula unit of 1 (114 Å 3 ) is approximately 12 Å 3 larger than that of orthorhombic Pb(N 3 ) 2 6 (Pnma, 102 Å 3 ). Even though similar effects were observed in the EY 2 pairs SnF 2 (53.4 Å 3 , C2/c), 48 PbF 2 (46.3 Å 3 orthorhombic, 52.4 Å 3 cubic) 49 and SnCl 2 (79.5 Å 3 , Pnam), 50 PbCl 2 (78.1 Å 3 , Pnma), 51 the volume increase is unusually large in 1, which we assign largely to the fact that tin in SnF 2 is pentacoordinate, whereas in 1 the coordination number is unusually low (4), leading to a substantial decrease in the packing density.
Spectral properties
It is not possible to compare directly the IR spectral properties (see Table 4 The findings of the IR spectral investigation are consistent with the NMR spectra of compounds 2-4 (Table 4 ). While 14 N chemical shifts are insensitive to changes in the ligand sphere for complexes of which data are available, those of 119 Sn decrease dramatically upon increasing the coordination number from 3 (above -300 ppm, compound 4 and the previously published data) to 4 (compound 2 and 3, below -300 ppm). 
Thermal Properties
Heating of 3 in a standard melting point capillary shows complete melting at 101 °C, condensation above the melt and explosion of the sample upon further heating leaving behind fine black soot.
According to differential scanning calorimetry (DSC, Fig. 6 , left; Table 5 ) measurements, both 2 and Guanidinium triazidostannate (4) also has a low melting point (approximately 77 °C, followed immediately by two broad exotherms (T on dec / °C = 95(4), β7β(β) °Cν H dec / (kJ mol -1 ) = -234(±5), -401(±14)). Both melting and decomposition onset temperatures for 3 are below that of (PPh 4 )Sn(N 3 ) 3
suggesting the involvement of the guanidinium cation in the initial thermolysis step. Tin diazide (1), on the other hand, neither melts nor undergoes any phase change before detonation, which occurred upon heating (10 K min −1 ) of two samples to 230 and 250 °C, respectively; Fig. S33 . All heat release curves follow patterns found in the Sn(IV) polyazido compounds were each azido ligand contributed -208(±7) kJ mol -1 12 to H dec (Sn(II) polyazides: -185(±13) kJ mol -1 (1) to 212 (±6) kJ mol -1 (4)) ( Table 5) (5), -401 (14) H dec / (kJ g -1 ) -1.84 d -1.0(1) -1.07(4) -0.77(2), -1.32 (5) a estimated errors shown in parentheses, b Extrapolated onset temperature, c lowest of two measurements, d lower bound due to instrument-specific truncation of range-exceeding signal. NMR spectra are calibrated against the residual solvent peak ( 1 H) and solvent peak ( 13 C) according to ref. 54 or SnMe 4 ( 119 Sn) and were processed using Bruker TOPSPIN v3.2 (spectra Figs. S14-S26).
Conclusions
DSC measurements were performed on a PerkinElmer Pyris 1 differential scanning calorimeter (DSC) operated under a flow of N 2 (20 ml min -1 ) with a heating rate of 10 K min -1 . The instrument was calibrated against a reference of pure In (99.999 %) using the transition at 156.60 °C (28.45 J g -1 ).
DSC samples were hermetically sealed in PerkinElmer stainless steel high-pressure capsules (γ0 L Sheldrick, 1997), 55 C-bound hydrogen atom positions were calculated and refined using a riding model with isotropic displacement parameters of 1.2U eq of the parent atom, whereas those bound to N were located via the Fourier difference map, and refined freely. Additional twin refinement was carried out for 2 using the twinning tools within WinGX, 56, 57 which gave a modest improvement in structure quality that reduced R1 from 6.3 % to 4.5%. Thermal ellipsoid structure plots were generated using the POV-ray interface within (14), smearing scheme (Gaussian) and smearing width (0.1 eV) as indicated. 61 On-the-fly (OTF) 62 pseudopotentials were generated using the CASTEP code; the plane-wave cut-off energy used throughout was 950 eV, which ensured convergence of both lattice parameters and total energies (to less than 0.002 meV per atom). Brillouin zone sampling was obtained using a Monkhorst-Pack 63 grid of 3  2  4 (spacing < 0.5 Å −1 , 5 k points). The structures were relaxed using the Broyden, Fletcher, Goldfarb and Shannon (BFGS) 64 method in order to allow for both atomic coordinates and unit cell vectors to optimize simultaneously while constraining space group geometry (convergence criteria: maximum change in system energy equal to 5 × 10 −6 eV, maximum root-mean-square (RMS) force = 0.01 eV Å −1 , maximum RMS stress = 0.01 GPa and maximum RMS displacement equal to 5 × 10 −4 Å).
Preparation of diazidobis(pyridine)tin(II) (2) from SnF 2
TMS-N 3 (442 mg, 3.84 mmol, 2.5 eq.) was added dropwise to a stirred suspension of SnF 2 (241 mg, 1.54 mmol) in pyridine (8 ml 
Preparation of 4 from 1
A Schlenk tube was charged with Sn(N 3 ) 2 (60 mg, 0.38 mmol), which was prepared as described above, and with guanidinium azide (38 mg, 0.37 mmol) and MeCN (20 ml). The resultant suspension was stirred rapidly and gradually became clear over a period of time of 20 minutes to form a colourless solution. This solution was stirred further for 2 h at r.t. before an IR spectrum of the solution was recorded, which confirmed the presence of guanidinium triazidostannate (4). Compound 4 crystallises from the reaction solution after its volume had been reduced to ca. 1 ml under vacuum upon cooling to -19 °C overnight. The identity of the compound obtained by this method was confirmed by an IR spectrum of a nujol suspension. With the exception of traces of TMS-N 3 , the solution IR spectra (MeCN) of products obtained by both preparative methods are identical.
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